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SUMMARY 


Two  ferroelectric  materials,  single-crystal  bismuth  titanate 
and  hot-pressed  ceramic  lead-zirconate-titanate  of  approximately  65:35 
composition  modified  with  lanthanum  oxide  (PLZT),  have  potential  applica¬ 
tions  in  non-volatile  optical  display  and  memory  devices.  The  goal  of 
the  present  program  is  to  develop  optical  projection  display  structures 
(5x7  in.)  which  can  function  in  solid-state  real-time  aircraft 
instrumentation  systems.  Display  structures  have  been  fabricated  using 
both  optical  and  matrix  addressing  techniques  requiring  optimization  of 
the  preparation  and  delineation  of  various  components  sv.ch  as  trans¬ 
parent  or  opaque  conductors,  photoconductors,  and  opaque  insulators. 

Evaluation  of  commercially  available  hot  pressed  PLZT  'eramics 
siowed  them  to  possess  poor  electro-optic  switching  properties.  That 
this  is  not  due  to  difficulties  in  the  device  structure  has  been  shown 
by  simplified  configurations  using  direct  application  of  electric  fields. 
These  results  are  attributed  to  poor  control  of  grain  size  uniformity 
and  the  most  recently  obtained  sample  shows  improved  though  not  optimum 
properties. 

Techniques  have  been  perfected  in  these  laboratories  under  an 
Air  Force  contract  to  prepare  epitaxial  bismuth  titanate  films.  By 
growth  on  spinel  substrates  under  special  conditions,  it  has  been  possible 
to  achieve  single  domain  (010)  films  required  for  the  unique  extinction 
display  mode  with  properties  comparable  to  those  obtained  in  bulk 
crystals.  Fabrication  of  an  interdigitated  electrode  structure  has 
demonstrated  good  ON/OFF  characteristics  as  well  as  a  gray  scale  capa¬ 
bility. 
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I.  INTRODUCTION  —  GENERAL  STATUS  OF  DISPLAYS 


During  recent  years  the  requirements  of  both  military  and 
commercial  systems  have  accelerated  the  interest  in  solid  state  optical 
display  and  memory  storage  concepts.  A  wide  range  of  phenomena  has 
been  considered,  such  as  magneto-optic,  electro-optic,  photochromic, 
photoconductive,  electromechanical  (reflective),  and  luminescent.  In 
several  cases,  extensive  effort  has  been  invested  in  optimizing  material 
preparation,  in  characterizing  optical  properties,  and  in  developing 
storage,  address  and  erase  procedures  suitable  for  syecixAC  device 
applications.  Typical  examples  of  such  efforts  are  the  current  wide¬ 
spread  research  and  development  activities  in  bubble  domain  memories 
and  in  ferroelectric  optical  display  and  memory  systems. 

In  the  case  of  real-time  optical  display  systems,  initial 
consideration  is  invariably  given  to  the  cathode  ray  tube  (CRT)  as  a 
means  of  addressing  the  display  medium.  This  is  not  necessarily  because 
of  the  fundamental  advantages  of  CRT  approach  but  also  because  of  the 
practical  consideration  that  it  has  beer,  developed  to  a  degree  unmatched 
by  any  other  technique.  The  primary  impetus  for  continuing  development 
in  CRT  technology  is  the  large  demand  created  by  the  home  TV  market. 
While  CRT  systems  have  attained  great  sophistication,  and  improvements 
are  still  being  made,  the  more  demanding  requirements  of  modern 
display  applications  have  begun  to  emphasize  fundamental  difficulties. 
Among  these  might  be  mentioned  the  lack  of  inherent  storage  capability, 
the  need  for  a  vacuum  system,  and  a  severe  limitation  in  light  levels, 
which  in  turn  limits  projection  possibilities. 


An  effective  summary  of  the  present  situation  with  respect 
to  display  systems  has  been  given  by  a  special  issue  on  the  IEEE  Trans¬ 
actions  c-  Electron  Devices,  ED  18,  September  1971. 

The  various  types  of  display  systems  currently  under  investiga¬ 
tion  can  conveniently  be  classified  under  two  categories;  either  they 
generate  their  own  light  and  give  the  desired  image  directly,  as  does  a 
CRT,  or  they  act  like  a  movie  system  (or  slide  projector  for  slower 
techniques)  with  the  optically  active  material  acting  as  a  light  modulating 
film  frame  whose  image  can  be  continuously  changed.  The  greatest  develop¬ 
ment  has  probably  been  made  in  the  first  class  of  displays.  Many  dif¬ 
ferent  electroluminescent  materials  have  been  investigated  for  this 
application,  basically  II-VI  or  III-V  compounds  which  emit  light  when 
subjected  to  appropriate  electric  fields.  Plasma  display  panels  generate 
light  via  a  controlled,  localized  glow  discharge  in  a  gas.  While  in 
principle,  both  types  of  displays  could  present  pictorial  information, 
practical  application  thus  far  has  been  limited  to  alphanumeric  and 
simple  symbolic  outputs. 

Most  of  the  new  display  techniques  under  investigation 
permit  localized  control  of  the  transmission  of  viewing  light  beam 
which  is  then  projected  for  display  magnification  or  viewed  directly. 
Ferroelectrics  for  this  purpose  are  discussed  in  the  next  section. 

Liquid  crystals  are  fundamentally  different  but  phenomenologically 
similar  in  that,  like  some  ferroelectrics,  they  exhibit  controllable 
birefringence  and  light  scattering  changes  which  can  be  utilized.  Color 
centers  introduced  by  light  beams  (photochromism)  and  electron  beams 
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(cathodochromism)  are  being  investigated  but  the  erasure  process  presents 
some  problems.  These  techniques  sometimes  utilize  a  reflective  mode  in 
which  the  viewing  light  traverses  the  material,  is  reflected  by  a  mirror 
at  the  back  surface,  and  re-traverses  the  optical  medium.  This  cuts  the 
thickness  requirements  in  half  with  a  corresponding  decrease  in  voltage 
requirements  and  can  be  more  convenient  for  writing  and  reading  beam 
access.  A  related  display  device  is  one  which  depends  on  the  mechanical 
distortion  of  a  transmissive  or  reflective  film.  The  stress  is  exerted 
by  charge  accumulation  resulting  from  electron  beam  address  and  is  being 
studied  using  both  metallic  films  or  deformable  thermoplastics. 

Thus  it  can  be  seen  that  a  wide  variety  of  materials  and 
phenomena  have  been  proposed  for  use  in  various  applications  for  the 
storage  and  display  of  optical  information.  While  the  theoretical  limits 
to  the  effect  to  be  exploited  may  indicate  advantages  for  a  given  display 
approach,  the  actual  limitations  may  be  dictated  by  the  technology  required 
for  utilization  of  the  phenomenon.  These  types  of  technology  imposed 
limitations  include: 

1.  Materials  preparation  —  the  material  must  be  obtainable 
conveniently  in  the  proper  physical  form,  e.g.,  the  desired  thickness. 

The  requirements  of  crystalline  perfection,  orientation,  purity,  etc. 
must  be  economically  fulfilled  for  the  particular  application. 

2.  Method  of  information  write-in  (and  readout  in  some  cases 
although  generally  it  would  be  optically  viewed) .  The  write-in  could 
be  purely  electrical,  applying  suitable  fields  employing  some  type  of 
(matrix)  electrode  array,  production  of  which  would  require  small  scale 
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fabrication  technology.  The  use  of  optical  or  electron  beam  addressing 
would  require  net  only  beam  control  but  photoconductor  and/or  strode 
fabrication  compatibility  problems  can  occur  with  various  materials 
combinations  and  processing  stages. 

3.  Additional  fabrication  technology  would  be  required,  not  only 
for  points  1  and  2  but  for  additional  device  operational  requirements 
such  as  optical  polarization,  voltage  control,  heating  or  cooling  and 
atmospheric  control.  Only  when  the  technology  associated  with  these 
various  considerations  have  been  reasonably  optimized  can  a  final  eval¬ 
uation  of  device  capability  be  reliably  made.  Thus  although  many  new 
display  structures  are  under  active  investigation,  it  has  yet  to  be 
shown  that  a  viable  pictorial  display  device  has  been  produced. 
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II.  STATUS  OF  FERROELECTRIC  DISPLAYS 
II. 1  Introduction 

A  ferroelectric  material  can  be  defined  as  one  in  which  a 
permanent  el- ctrical  polarization  can  be  induced  whose  orientation 
can  be  changed  by  the  application  of  an  appropriate  electric  field. 

The  term  "Ferroelectric  Display"  in  the  present  context  is  meant  to 
include  devices  in  which  the  active  optical  element  is  a  ferroelectric 
material  whose  transparency  in  a  given  region  (in  some  cases  in  combina¬ 
tion  with  crossed  polarizers)  can  be  varied  by  electrical  control  of 

(1  2) 

the  polarization.  Thus  it  does  not  include  devices  such  as  the  ELF  * 
in  which  the  unique  electrical  properties  of  ferroelectrics  (F)  are 
exploited  to  supply  and  control  the  operation  of  electroluminescent  (EL) 
elements. 

While  many  ferroelectric  materials  have  been  discovered,  they 
generally  are  of  limited  interest  for  display  applications  because  they 
involve  180°  polarization  switching  with  little  or  no  associated  optical 
change.  However,  recently  the  situation  has  changed  with  the  discover., 
of  the  unique  electro-optic  properties  of  several  ferroelectric  materials. 
Before  considering  the  details  of  the  various  possible  ferroelectrics, 
it  may  be  of  interest  to  discuss  some  general  characteristics  which 
may  be  expected.  These  will  vary  to  some  extent  with  the  materials 
and  structure  employed  but  can  be  divided  from  a  display  application 
point  of  view  as  being  either  good,  questionable,  or  poor. 

A  major  advantage  of  a  ferroelectric  display  is  that  it  would 
be  expected  to  be  non-volatile.  Since  the  optical  state  is  determined 
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by  the  polarization  state,  which  changes  only  by  application  of  the 

appropriate  electric  field,  loss  of  electrical  power  would  have  no 

influence  on  the  stored  information.  This  property  i"  conjunction  with 

others  has  also  led  to  the  study  of  f erroelectrics  for  optical  memory 
(3  4) 

applications.  *  Another  valuable  characteristic  is  that  bismuth 
titanate  in  particular,  and  other  f erroelectrics  to  a  lesser  extant, 
exhibit  an  effective  threshold  field  effect, (■•**&)  a  critical  field 
magnitude  must  be  exceeded  before  an  applied  field  switches  the  polar! 
zation.  This  results  in  a  low  sensitivity  to  any  stray  fields  which 
may  be  present  and,  of  critical  importance,  to  disturb  pulses  which 
would  be  required  for  a  matrix  address  mode.  The  thermal  stability 
for  ferroelectrics  should  be  good  since  little  loss  of  stored  charge 
would  be  expected  to  occur  until  the  Curie  temperature  at  which  ferro- 
electricity  is  lost  was  approached.  For  the  materials  under  considera¬ 
tion  the  Curie  temperatures  lie  in  the  range  150  to  675°C.  The  optical 
contrast  ratios  are  generally  reported  both  for  ceramic  and  single¬ 
crystal  ferroelectrics  to  be  100  or  more  and  most  of  the  particular 
materials  to  be  discussed  possess  a  gray  scale  capability. 

Ferroelectrics  do  not  generate  their  own  light,  which  is  a 
disadvantage  for  some  applications.  However,  since  an  external  light 
source  is  used  for  viewing,  the  brightness  attainable  is  limited  only 
by  the  light  power  available  and  by  the  heating  effects  it  would 
generate.  The  resolution  which  can  be  achieved  will  depend  on  the  con¬ 
figuration  employed,  particularly  the  addressing  process,  and  remains 
to  be  determined  in  a  practical  situation.  The  potential  capabilities 


have  been  shown  to  lie  in  the  1-2  micron  range  for  bismuth  titanate 

using  electron  beam  addressing^)  and  25  urn  in  doped  PZT  using  discrete 
(&) 

electrodes.  The  basic  switching  speed  should  be  adequate,  being 
generally  in  the  microsecond  range,  but  in  a  display  structure  will  be 
limited  by  the  voltage  which  can  be  applied. 

Two  characteristics  can  be  anticipated  to  present  particular 
difficulties  when  consideration  is  given  to  practical  display  applica¬ 
tions  of  ferroelectrics;  materials  preparation  and  voltage  requirements. 

Most  of  the  ferroelectrics  of  interest  exhibit  their  unique  properties 
only  when  utilized  in  the  form  of  single  crystals.  Thus,  techniques 
must  be  developed  to  produce  quantities  of  uniform,  high  quality  crystals. 
The  one  exception  to  the  crystal  requirement,  PLZT  ceramic,  uses  a  hot 
pressing  preparative  method  for  control  of  grain  size  and  uniformity, 
which  cannot  yet  be  termed  a  routine  commercial  process. 

The  voltage  levels  needed  for  operation  of  a  ferroelectric 
display  can  be  high.  The  exact  magnitude  depends  on  the  material  and 
configuration  but,  as  an  example,  a  100  pm  thick  wafer  of  PLZT  could 
need  a  poling  field  of  20  kV/cm  thus  requiring  200  volts.  Other  situations 
could  lead  to  lower  or  higher  voltage  requirements,  which  although 
achievable,  will  require  careful  attention. 

In  summary,  ferroelectric  materials  have  attracted  attention 
for  display  applications  because  of  their  non-volatility,  threshold 
switching  field,  good  contrast  and  gray  scale,  thermal  stability,  high 
light  levels,  with  adequate  speed  and  resolution.  Whether  these  properties 
can  be  realized  within  the  constraints  imposed  by  an  actual  display 
system  is  a  question  which  remains  to  be  answered. 
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With  one  exception,  to  be  discussed  in  the  next  section,  the 
ferroelectrics  of  particular  interest  would  be  utilized  in  single¬ 
crystal  form.  The  most  advanced  development  studies  have  been  made  on 
devices  utilizing  potassium  dideuterium  phosphate  (KD2P) •  Various 
groups  have  reported  on  systems  generally  directed  toward 

development  of  very  large  area,  real  time,  TV  projection  systems. 

They  are  based  on  the  Pockels  longitudinal  electro-optic  effect  in 
which  birefringence  is  induced  by  application  of  an  electric  field. 

The  birefringence  results  in  a  differential  retardation  of  the  vibration 
components  of  incident  light  and  thus  a  variable  transmission  through 
crossed  polarizers.  Electron  beam  addressing  is  used  and  generally 
a  reflection  mode  to  permit  convenient  access  of  the  electron  and  light 
beams  and  the  crystal  cooling  which  is  required  (in  contrast  to  the  other 
materials  to  be  discussed).  Contrast  ratios  greater  than  50/1, 
gray  scale,  TV  rates,  and  resolution  of  up  to  400  1/in  have  been 
demonstrated.  Considerable  difficulty  has  been  reported  in  obtaining 
large  crystal  areas  with  uniform  properties. 

The  unique  electro-optic  switching  properties  of  bismuth 

(12) 

titanate,  Bi^Ti^O^*  have  been  proposed  for  use  in  display  devices. 
Bismuth  titanate  crystals  are  commonly  grown  from  a  bismuth  oxide 
flux  and  possess  a  plate-like  habit.  The  symmetry  is  monoclinic  with 
the  principal  crystallographic  axes  essentially  orthogonal,  and  the  c- 
axis  lying  perpendicular  to  the  large  face  of  the  crystal.  The  polari¬ 
zation  direction  lies  in  the  a-c  plane  at  an  angle  of  approximately 
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four  degrees  to  the  a-axis.  This  results  in  two  independently  re¬ 
versible  components  of  polarization  parallel  to  the  a-  and  c-axes 

2 

respectively.  The  resultant  value  of  Pg  is  large  (50  uC/cm  ),  but 

switching  by  fields  along  the  c-axis  involves  the  reversal  of  a  small 
2  (13) 

(y  4  uC/cm  )  component.  This  switching  occurs  at  a  well-defined 

threshold  field  of  between  3  and  4  kV/cm,  the  existing  remanent  condi¬ 
tion  being  effectively  stable  at  fields  lower  than  this.^ 

The  principal  axes  of  the  optical  indicatrix  (i.e.,  axes 
along  which  extinction  occurs  becween  crossed  polars)  do  not  correspond 
to  the  crystallographic  axes  (Figure  1)  of  the  structure.  Rocking  of 

the  polarization  P  relative  to  the  a-axis,  through  an  angle  of  about  8° 
s 

produced  by  field  reversal  along  the  c-axis,  results  in  a  rotation  of 
the  optical  indicatrix  axes  in  the  a-c  plane  through  about  40  degrees. 
Essentially,  this  means  that  if  the  crystal  is  at  extinction  before 
field  reversal,  then  after  reversal  its  optical  axes  will  be  in  a 
position  which  favors  maximum  light  transmission.  To  make  use  of  this 
effect  in  an  optical  display  or  memory  system,  it  is  necessary  to  use 
crystals  that  are  cut  parallel  to  the  a-c  plane.  Unfortunately, 
the  plate-like  morphology  of  the  crystals  renders  it  difficult  to 
produce  a-c  faces  of  a  large  area  or  of  a  shape  suitable  for  display 
matrices.  One  solution  to  this  problem  is  to  "force"  the  crystal 
into  a  morphology  favoring  a  large  a-c  face.  This  has  been  achieved 
recently  in  work  at  Westinghouse  Research  by  depositing  rf  sputtered 
films  of  bismuth  titanate  epitaxially  on  the  (110)  face  of  MgO^’*^ 
and  (110)  MgAl204(16). 


9 


DOMAIN  WALL 


Figure  1  A  Bi^T^Oj^  crystal  viewed  along  the  "b"  axis.  The  X-Y  axes 
show  the  different  optical  indicatrix  positions  for  opposite 
saturation  states  on  the  hysteresis  loop.  Viewing  in  crossed 
polarized  light  with  the  polarizers  aligned  on  one  of  the 
extinction  positions  provides  a  direct  nondestructive  read¬ 
out  of  the  ferroelectric  polarization  state  [after  Cummins, 
Ref.  (12)1. 


An  alternative  approach  to  using  bismuth  titanate  crystals 


(or  c-oriented  epitaxial  layers)  for  optical  display  purposes  is  to  ex¬ 
ploit  thickness  contrast  effects  generated  by  birefringence  differences. 
The  method  is  illustrated  in  Figure  2  taken  from  recent  work  by  S.  E. 
Cummins  and  T.  E.  Luke^^  (Avionics  Laboratory,  Physics  Branch,  Dayton, 
Ohio) .  Two  domains  of  opposite  polarization  states  (referred  to  the 
c-axis)  are  shown,  corresponding  to  light  and  dark  portions  of  the 
stored  image.  Monochromatic  light  incident  (at  an  angle  6  to  the  c--axis) 
on  a  given  domain  will  be  split  into  two  vibration  components  in  planes 
parallel  to  the  principal  optical  axes.  These  axes  lie  in  the  section 
of  the  optical  indicatrix  corresponding  to  the  plane  of  view.  The 
birefringence  An  (or  difference  in  refractive  index  for  these  axes) 
leads  to  a  difference  in  the  propagation  velocities  for  the  vibration 
components  which,  in  turn,  produces  a  wavelength  difference  and  a  rela¬ 
tive  phase  retardation.  On  reaching  the  analyzer,  the  components  are 
resolved  into  a  common  plane  of  vibration  and  are  able  to  interfere. 

By  adjusting  the  crystal  thickness,  the  incidence  angle  9,  and  the 
wavelength  of  the  radiation  it  is  possible  to  produce  complete  destructive 
interference,  i.e.,  a  retardation  of  a/2,  and  to  achieve  contrast  ratios 
as  high  as  100:1. 

An  optical  image  may  be  written  as  a  ferroelectric  domain 
pattern  in  the  crystal  by  sandwiching  it  between  photoconductive  and 
transparent  electrode  layers.  The  photoconductor  layer,  e.  g.,  PVK 
(polyvinyl  carbazole)  or  CdS ,  is  placed  directly  on  the  polished  face 
of  the  crystal  and  an  electrode  of  Sn02  or  semi-transparent  metal  such 
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Figure  2  Arrangement  for  producing  domain  contrast  by  differential- 
retardation  in  bismuth  titanate  crystal.  View  of  crystal 
is  along  tr-axis,  light  is  incident  in  the  a-c  plane  (after 
Cummins  and  Luke,  Ref.  17). 


as  gold  is  applied  over  this.  In  the  dark,  the  field  across  the 

crystal  is  small  since  the  permittivity  of  the  crystal  is  high  compared 

to  that  of  the  photoconductor.  Thus,  when  a  voltage  is  applied  between 

the  electrode  films,  switching  does  not  occur.  However,  when  the 

structure  is  exposed  to  an  optical  image,  illumination  variations  across 

the  image  lead  to  corresponding  variations  in  photoconductor  impedance, 

and  hence  to  a  difference  in  effective  field  across  the  ferroelectric. 

In  bright  areas,  the  field  will  exceed  the  threshold  switching  field 

and  polarization  reversal  will  occur.  The  stored  image  may  be  viewed 

under  illumination  conditions  such  as  those  illustrated  in  Figure  2. 

Resolutions  of  90  lines /mm  or  higher  may  be  achieved  in  this  way. 

f  8) 

Cummins  and  Hill''  also  showed  that  it  is  possible  to  write 
images  directly  into  o  poled  crystal  by  scanning  its  surface  with  an 
electron  beam.  The  positively  charged  face  of  the  crystal  is  exposed 
to  the  beam  and  sufficient  electron  charge  is  landed  to  produce 
polarization  reversal.  Image  resolution  of  2  microns  has  been  achieved 
in  this  manner. 

A  real-time  display  utilizing  bismuth  titanate  has  not  been 

(18) 

reported  as  yet.  Taylor  and  Miller'  concluded  from  a  feasibility 
study  that  it  could  be  used  in  a  matrix  addressed  mode  at  TV  rates. 

This  study  used  sectioned  bulk  crystal  plates  and  the  conclusions 
were  made  before  it  had  been  reported  that  epitaxial  (010)  films 
could  be  prepared.  Since  they  calculated  that  the  optimum  thickness 
in  the  b^  axis  dimension  would  be  23  pm,  film  growth  techniques  are 
ideally  suited  to  prepare  samples  of  this  thickness  and  large  dimensions 
in  the  a-c  plane. 
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Recently  two  new  ferroelectric  materials  have  been  proposed 

for  use  in  optical  devices.  Gadolinium  molybdate,  Gd^  (MoO^)^,  has 

among  several  unique  properties  the  feature  that  the  orientation  of 

the  optical  fast  and  slow  axis  interchange  in  conjunction  with  ferro- 

(19  20) 

electric  polarization  reversal.  *  Thus  two  quarter  wave  plates 

could  be  used,  one  fixed  and  the  other  of  gadolinium  molybdate  which 

would  provide  either  positive  or  negative  A/4  retardation.  The  resultant 

effect  could  thus  give  a  controllable  net  zero  or  A/2  retardation  to 

provide  transmission  or  extinction  between  crossed  polarizers.  Suitable 

(21  22) 

large  high  quality  single  crystals  can  be  grown  *  but  the  switching 

(20  22) 

time  is  rather  slow, values  near  the  millisecond  range  being  reported.  ’ 

Another  interesting  new  ferroelectric  material  is  lead  germanate, 

(23) 

Pbj-Ge^Oj^;  Of  particular  interest  is  the  fact  that  it  is  optically 

active  with  the  direction  of  optical  rotation  reversible  with  reverse 

(24) 

of  the  ferroelectric  polarization.  This  would  suggest  the  possibility 

of  unique  optical  structures  but  basic  material  properties  of  interest 
foi  these  applications  have  yet  to  be  reported. 

II. 3  Polycrystalline  Ferroelectrics 

The  one  non-single  cyrstal  ferroelectric  of  interest  for 

display  applications  is  hot-pressed,  ceramic,  bismuth  or  particularly 

lanthanum  modified  lead  zirconate  titanate  (PLZT) .  The  use  of  the 

transparent  PLZT  ceramics  is  based  on  optical  destructive  interference 

(8  25) 

arising  from  the  birefringence  which  Land  and  associates  discovered v  J 

could  be  introduced  by  poling  in  fine  grained  material.  Thus  it  is 
similar  to  bismuth  titanate  being  employed  in  the  birefringence  mode 
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described  above.  However,  there  are  significant  differences.  The 

fact  that  polycrystalline  ceramics  can  be  used  removed  the  requirement 

that  certain  crystallographic  orientations  be  maintained.  The  magnitude 

of  the  birefringence  depends  on  the  magnitude  of  the  remanent  polariza- 
( 26) 

tion.  '  Thus  the  optical  retardation  can  be  varied  continuously 
(between  certain  limits),  permitting  selective  color  absorption  if 
white  light  is  used  for  read-out  and  grey-scale  capabilities  for  mono¬ 
chromatic  light  in  certain  device  configurations.  The  lack  of  square¬ 
ness  in  the  hysteresis  loops  of  this  ceramic  which  permits  this  con¬ 
venient  adjustment  of  the  remanent  polarization  is  also  a  disadvantage, 
however,  in  that  it  leads  to  a  lack  of  stability  toward  disturb  pulses. 

All  of  the  display  feasibility  studies  reported  thus  far  have 

been  made  using  hot-pressed  PZT  ceramic  plates  which  have  been  thinned 

to  -V/  50p  by  lapping  and  polishing  techniques.  Land  and  associates 

investigated  the  device  potential  of  the  material  using  discrete 

metallic  electrodes  not  only  for  poling  but  for  the  controlled  variation 

/  8) 

of  the  polarization.  '  This  permits  the  use  of  high  fields  and 
currents,  and  the  essentially  ideal  switching  conditions  resuxt  in 
high  contrast  ratios  and  rapid  switching  speeds.  Contrast  ratios  of 
up  to  1000  to  1  and  switching  speeds  of  better  than  100  microseconds 
have  been  reported.  Information  storage  could  be  achieved  by  an  array 
of  discrete  electrode  sets  with  either  individual  or  matrix  addressing, 
although  the  latter  could  have  disturb  pulse  difficulties.  However, 
in  order  to  take  advantage  of  the  potential  of  the  material,  particularly 
for  compatibility  with  optical  display  systems  and  optimum  resolution, 
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a  continuous  technique  would  seem  to  be  more  suitable  instead  of  a 

discrete  addressing  system.  Such  a  technique  has  been  employed  by 
(27) 

Meitzler  at  al.,  one  of  the  configurations  employed  is  shown  in 
Figure  3.  For  light  perpendicular  to  the  surface,  maximum  birefringence 
is  obtained  for  a  vertical  polarization  and  zero  birefringence  for 
a  horizontal  polarization.  Initially,  P2T  is  poled  vertically  by  use 
of  the  erase  electrodes  which  consist  of  an  interdigitated  array 
connected  so  that  the  polarity  is  as  indicated.  "Write-in"  is 
accomplished  as  described  above  for  bismuth  titanate  by  illuminating 
the  appropriate  regions  of  the  photoconductor  while  a  potential  is 
applied  across  the  transparent  electrodes .  The  areas  to  be  illuminated 
may  be  determined  either  by  placing  a  photographic  negative  iu  front 
of  the  device  or  by  scanning  with  a  modulated  laser  beam.  The  informa¬ 
tion  has  thus  been  "written-in"  in  the  form  of  a  variation  in  polarization 
and  therefore  a  variation  in  birefringence  across  the  device  area.  It 
can  be  read-out  as  described  above  by  viewing  with  polarized  light 
and  utilizing  the  phase  retardation  of  the  light.  The  device  has  the 
disadvantage  that  the  areas  covered  by  the  erase  electrodes  are  in 

variant  bands  across  the  image.  This  has  been  overcome  by  a  modification 

(28) 

called  "strain-biasing".  '  The  device  is  as  illustrated,  except  that 
no  erase  electrodes  are  present,  and  it  is  mounted  in  a  permanently 
bent  state.  The  tension  horizontal)  direction  in  the  ceramic 
becomes  the  "easy"  direction  for  the  polarization.  Thus  while  the 
"write"  operation  is  performed  as  before  by  using  a  relatively  high 
potential  across  the  transparent  electrodes,  the  "erase"  is  performed 
by  flooding  the  entire  photoconductor  area  while  applying  only  a  moderate 
reverse  potential. 
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PZT 


Ow(j .  293  2A^  6 


Transparent 

Electrode 


Figure  3 


(OT) 

Portion  of  configuration  used  by  Meitzler  et  al.  foi 
PZT  optical  display  device. 


(29) 

Recently,  Smith  and  Land  have  described  a  new  display 
mode  utilizing  coarse  grained  PLZT.  The  longitudinal  electro-optic 
scattering  effect  is  used  in  which  the  amount  of  light  scattering  can 
be  controlled  by  variation  of  the  ferroelectric  polarization.  Using 
a  ferroelectric  photoconductor  structure,  negative  storage  with 
40  line  pair/mm  and  reasonable  contrast  and  gray  scale  have  been 
. emonstrated. 


i 
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III.  AIMS  OF  PRESENT  STUDY 


Although  considerable  advances  have  been  made  towards  selecting 
and  perfecting  ferroelectric  materials  such  as  single-crystal  KDP  and 
Bi^Ti^Oj^  and  polycrystalline  PLZT  for  experimental  display  systems,  fur¬ 
ther  work  is  still  required  on  the  development  of  both  the  optimum  ferro¬ 
electric  medium  for  a  practical  display  and  on  peripheral  materials 
needed  for  optical,  electrical  or  electron-beam  address.  Rapid  progress 
tewards  a  working  device  structure  has  been  impeded  not  only  by  the 
intrinsic  shortcomings  of  the  materials  themselves,  but  also  by  the  large 
number  of  alternative  approaches  available  for  the  final  design  concept. 
From  the  introductory  discussion  given  here  of  the  status  of  displays  in 
general  and  ferroelectric  displays  in  particular,  it  is  clear  that  once 
the  decision  is  made  concerning  the  selection  of  the  ferroelectric 
material  to  be  used, several  choices  are  now  available  for  the  mode  of 
address.  Final  selection  of  the  address  mode  is  not  yet  feasible  since 
rapid  progress  is  still  being  made  in  each  of  the  three  main  address 
approaches  indicated  above.  In  the  present  program  we  have  tried  to 
place  emphasis  on  the  use  of  those  ferroelectric  materials  and  address 
modes  which  offer  the  best  prospect  of  testing  the  feasibility  of  the 
ferroelectric  light  valve  approach  for  high-brightness  displays. 

Specifically,  the  aim  of  this  research  program  was  to  develop 
relatively  large-area  display  structures  (5x7  in.)  which  :ould  function 
in  solid  -e.te  real-time  aircraft  instrumentation  systems.  The  program 
has  benefited  from  parallel  studies  in  these  Laboratories,  pursued  since 
1968  under  Air  Force  Avionics  Laboratory  Contracts  (F33615-69-C-1214  and 
F33615-70-C-1086) ,  which  r.,ve  led  to  the  successful  growth  of 


hetero-epitaxial  bismuth  titanate  films  possessing  electrical  and  optical 
properties  closely  approximating  those  of  bulk  crystals.  Several  techni¬ 
cally  related  projects  in  the  areas  of  vidicon  and  eibcon  solid  state 
technology  and  in  solid  state  Eidophor  projection  systems  are  also  being 
pursued  in  th.-  Device  Physics  Department  of  the  Laboratories.  The 
facilities  and  research  results  generated  in  these  projects  are  directly 
applicable  and  available  to  ferroelectric  display  device  approaches  out¬ 
lined  here.  For  convenience  the  program  was  divided  into  four  phases: 

(1)  optimization  of  ferroelectric  material:  (2)  design  and  preparation 
of  experimental,  light-valve  type,  display  devices;  (3)  evaluation  of 
display  characteristics  with  optical  address  and  (4)  evaluation  of 
matrix  electrode  address.  The  details  of  these  phases  are  given  in 
the  following  sections. 

III.l  Optimization  of  Ferroelectric  Material 

The  materials  selected  for  use  in  this  program  were  epitaxial 
bismuth  titanate  films,  and  transparent,  high-density,  PLZT  (lead-zirconate- 
titanate  with  lanthanum  oxide  additives)  ceramics.  The  epitaxial  bismuth 
titanate  samples  are  being  prepared  in  these  laboratories  while  the  PLZT 
ceramics  were  obtained  from  commercial  sources.  Neither  of  the  ferro¬ 
electric  media  available  for  the  investigation  had  been  completely 
optimized  for  display  purposes.  In  the  case  of  the  epitaxial  layers  of 
bismuth  titanate,  further  work  was  required  to  eliminate  twinning  and 
develop  low  coercive  field  properties.  For  PLZT  the  initial  problem 
was  to  locate  and  evaluate  commercial  material  with  electro-optic  charac¬ 
teristics  comparable  to  those  obtained  with  the  Sandia  processed  fine¬ 
grained  material.  During  the  course  of  the  contract  the  light-scattering 
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display  mode  of  operatic  n  for  coarse-grained  PLZT  was  reported,  and 
the  advantages  for  this  mode  prompted  a  change  in  the  emphasis  of  our 
program  towards  coarse-grained  (4-8  pm)  rather  than  fine-grained  (*v»  2pm) 
material. 

111. 2  Design  and  Preparation  of  Experimental  Display  Devices 
Several  possible  display  structures  were  considered  in  the 

early  stages  of  the  program.  These  included  simple  test  devices  on  PLZT 
fitted  with  transparent  electrodes  to  permit  the  application  of  fields 
parallel  and  perpendicular  to  the  surface,  photoconductor  sandwich 

structures  for  light  address,  strain  biasing  arrangements  and  inter- 
digitated  and  matrix  electrode  structures  on  PLZT  and  bismuth  titanate 
epitaxial  films.  Many  of  the  complete  device  structures  envisaged  were 
predicated  upon  the  immediate  availability  of  optimized  ferroelectric 
PLZT  and  photoconductive  material.  However,  it  soon  became  clear  that 
considerable  development  was  still  needed  before  such  materials  suitable 
for  high  contrast  displays  would  be  obtained.  Thus,  the  emphasis  was 
changed  towards  simpler  test  vehicles  to  enabla  evaluation  of  materials 
parameters. 

111. 3  Display  Characteristics  with  Optical  Address 

Optical  address  is  an  attractive  technique  for  information  in¬ 
put  since  the  structure  required  is  simple,  a  ferroelectric  and  pho~o- 
conductor  layer  sandwiched  between  two  transparent  electrodes.  However, 
as  information  was  accumulated  as  noted  above,  it  became  apparent  that 
the  shortcomings  of  the  ferroelectric  and  photoconductors  would 
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particularly  handicap  this  approach.  Also  while  testing  could  be  per¬ 
formed  using  images  obtained  by  projecting  through  a  photographic  nega¬ 
tive,  an  actual  real-time  display  device  would  require  the  avail¬ 
ability  of  a  scanning,  modulated  light  beam.  The  situation  with  regard 
to  the  development  of  such  a  light  source  is  far  from  clear  but  it  could 
cause  a  major  delay  in  the  final  utilization  of  the  optical  addressing 
mode.  Thus  it  was  decided  to  concentrate  primary  attentio..  on  the 
matrix  approach. 

III. 4  Matrix  Electrode  Address 

As  discussed  above,  major  emphasis  has  been  placed  on  the 
matrix  electrode  addressing  mode.  While  more  complex  structurally,  than 
the  optical  mode,  the  materials  requirements  were  as  stringent  and  the 
fabrication  technology  required  for  electrode  delineation  were  readily 
available  in  our  solid  state  devices  processing  facilities.  It  was  also 
anticipated  that  it  would  be  possible  to  embody  many  of  the  fabrication 
aspects  of  the  thin  film  transistor-electroluminescent  panel  (particularly 
the  transparent  thin  film  drive  circuitry  and  possibly  the  thin  film 
transistor  circuit)  being  developed  under  a  concurrent  ONR  Contract 
NOOO14-71-C-0268  in  these  Laboratories. 

Various  discrete  electrode  structures  as  described  in  Section 
III. 2  were  evaluated  with  initial  emphasis  placed  on  maximum  contrast 
ratios,  grey-scale  capability  and  voltage  requirements.  Concentration 
on  these  basic  materials  parameters  was  dictated  by  the  materials 
limitations  as  described  in  Section  III.l. 


* 
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IV.  MATERIALS  STUDIES 


IV . 1  Introduction  —  Material  Parameter  Requirements 

As  has  been  described  in  Section  III,  the  aim  of  the  present 
program  is  to  develop  optical  projection  and/or  large-area  panel  struc¬ 
tures  (5  x  7  in.)  which  can  function  in  solid-state  real  time  aircraft 
instrumentation  systems.  Two  ferroelectric  materials,  viz.,  transparent 
hot-pressed  lead-zirconate-titanate  ceramics  of  approximately  65/35 
composition  doped  with  lanthanum  (PLZT),  and  epitaxial  bismuth  titanate 
films  were  studied.  Two  approaches,  one  with  optical  address  and  one 
with  matrix  address,  were  chosen  in  this  study  for  writing,  reading  and 
erasing  the  display  information.  In  this  section  we  will  describe  the 
requirements  on  material  properties  for  these  two  approaches  first. 

The  fabrication  processes  and  the  results  of  measurements  on  these 
r-iaterial  properties  will  next  be  considered. 

To  permit  optical  address,  the  display  device  is  fabricated 
as  a  sandwich  structure  whicn  consists  of  a  ferroelectric  material,  a 
photoconductive  layer  and  a  top  and  a  bottom  transparent  (e.g.,  tin- 
doped  indium  oxide)  or  semi-transparent  (gold)  layers.  The  schematic 
diagram  of  the  device  structure  is  shown  in  Fig.  4.  As  indicated  in 
Section  II,  the  use  of  t,  e  photoconductive  layer  in  conjunction  with 
the  ferroelectric  permits  selective  switching  of  the  ferroelectric  in 
areas  which  are  illuminated.  This  results  in  a  local  alteration  in  the 
polarization  direction  of  the  ferroelectric  and  hence  in  the  change  of 
birefringence  (differential  phase  retardation  mode) ,  light  scattering 
properties  (scattering  mode)  or  the  rotation  of  the  optical  indicatrix 
(extinction  mode). 
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Figure  4  Schematic  diagram  of  che  PC-FE  device  structure. 
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Ideally  the  device  will  be  operated  as  follows:  In  the  dark 

when  a  WRITE  voltage  is  applied  to  the  structure,  nearly  all  of  the 

VP  > 

voltage  will  be  applied  across  the  photoconductor,  that  is,  —  -x,  10. 

VF  “ 

Hence  the  ferroelectric  will  not  switch.  The  criterion  is,  initially 

V  (0)  C  eFdD 

— -  =  a  in 

VF(0)  Cp  epdF 

where  C  is  capacitance,  e  is  dielectric  constant  and  d  is  thickness. 

The  subscript  P  stands  for  photoconductor  and  F  for  ferroelectric.  This 
relation  requires  the  thickness  ratio  to  be 


(1) 


Eventually  the  WRITE  voltage  will  be  divided  by  the  resistance  ratio, 
that  is 


V").  .  Rp  _  Vp 

VF(“)  Rp  ‘  oFdr 


This  relation  gives 


dF 

1°  (/> 
dP 


(2) 


where  R  is  resistance  and  p  is  resistivity. 

When  the  structure  is  exposed  to  a  light  image,  illumination 
variations  across  the  image  lead  to  corresponding  variations  in  photo¬ 
conductor  impedance  which  gives  to  a  difference  in  effective  field 
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across  the  ferroelectric  layer.  If  the  field  exceeds  the  threshold 


switching  field  of  the  ferroelectric,  the  ferroelectric  will  be  switched 
The  criterion  now  requires 


BFL  +  "n. 


or 


(3) 


> 


where  V  is  the  applied  voltage  and  V^,  is  the  coercive  voltage,  and  the 

subscript  L  stands  for  condition  under  illumination. 

In  general,  the  device  will  not  be  operated  by  a  dc  voltage 

source  as  discussed  above.  If,  instead  of  dc,  a  pulsed  source  is  used, 

we  have  to  take  the  switching  speed  of  the  device  into  account  when  we 

are  considering  an  appropriate  photoconductive  material.  Let  us  assume 

the  ferroelectric  itself  switches  within  t  at  a  voltage  V  ,  (determined 

o  o 

from  ferroelectric  current  transient  experiments) .  Then  the  relation 
between  the  required  switching  time  of  the  device,  ts>  the  switching 
time  of  the  ferroelectric  tQ  and  the  RpL’^FL  time  constant  has  to 
satisfy,  to  the  first  order  approximation. 


2’3  VFL  "  (ts-to)  or 

•4<T  -t  )d„ 


(4) 


Here,  we  neglect  the  parameters  of  the  transparent  electrodes.  If  a 
pulsed  light  arrangement  is  used,  the  other  parameter  —  photoconductor 
response  time,  also  needs  to  be  considered. 

In  matrix  addressing,  the  requirements  on  material  parameters 
are  less  stringent  then  in  optical  addressing.  The  sheet  resistance 
of  the  transparent  (or  semi-transparent)  layer  has  to  be  lower  than 
100  ft/C  .  A  requirement  for  the  light-addressed  mode  is  that  these 
layers  must  form  an  ohmic  contact  with  the  photoconductive  layer. 

IV. 2  PLZT  Ferroelectric  Ceramics 

The  ferroelectric  ceramics  studied  were  hot-pressed 
(rhombohedral)  lead  zirconate  titanate  doped  with  lanthanum  (PLZT). 

The  composition  was  65%  zirconate' and  35%  titanate  with  7-8  at. percent 
lanthanum.  They  were  supplied  from  two  commercial  sources:  Vernitron 
and  Honeywell.  The  electro-optic  properties  of  these  ceramics  depend 
on  the  nominal  grain  diameter.  For  grain  size  smaller  than  2  microns, 
described  as  fine-grained  ceramics,  they  are  birefringent.  They  ex¬ 
hibit  orthotropic  symmetry  with  respect  to  the  ceramic  polar  axis. 

The  effective  birefringence  depends  on  the  applied  electric  field. 
Hence,  the  retardation  of  a  ceramic  plate  can  be  controlled  by 
incrementally  varying  the  switching  field.  These  fine-grained  ceramics 
were  used  in  the  study  utilizing  the  differential  phase  retardation 
mode. 

For  grain  size  larger  than  2  microns,  the  ceramics  will  de¬ 
polarize  transmitted  light  by  multiple  internal  scattering.  The  light 
scattering  properties  depend  on  the  orientation  of  the  ceramic  polar 
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axis  or  the  direction  of  electrical  poling.  These  ceramics,  called 
coarse-grained  ceramics,  were  used  in  the  study  utilizing  the  longitudinal 
electro-optic  scattering  effect. 

The  PLZT  ceramics  after  being  received  were  mechanically  lapped 
and  polished  to  an  optical  finish.  For  fine-grained  ceramics  the 
thickness  of  the  plates  were  controlled  so  as  to  give  a  half-wavelength 
retardation  change  in  the  differential  phase  retardation  mode  when  the 
polarization  was  switched  from  in  the  plane  to  perpendicular  to  the 
plane.  It  ranged  from  25  urn  to  75  pm.  For  coarse-grained  ceramics, 
the  thicknesses  were  adjusted  to  give  a  best  ON/OFF  contrast  ratio 
with  still  a  reasonably  good  light  transmission  in  the  ON  state,  except 
for  the  study  of  contrast  ratio  versus  the  ceramic  plate  thickness. 

In  the  latter  case,  the  thicknesses  were  from  100  microns  to  300  microns. 
They  were  then  annealed  in  air  at  700°C  for  one  hour  which  reduced  any 
mechanical  damage  and  relieved  any  strain  induced  during  previous 
sample  preparation  processes.  Seme  specimens  were  thermally  etched 
at  1300°C  in  a  protective  lead  oxide-rich  atmosphere  to  study  the  grain 
size. 

Figure  5  shows  etched  m.lcrostructures  of  fine-grained  PLZT 
ceramics  (a)  Vernitron  materials  and  (b)  Honeywell  material.  The 
grain  size  is  not  uniform.  It  ranges  from  lpm  to  3  pm.  The  grains 
are  not  densely  packed.  At  the  grain  boundaries  there  may  be  many 
residual  pores  or  voids  left  behind  by  the  more  volatile  lead  oxide 
which  vaporizes  during  thermal  etching.  Figure  6  shows  etched  micro¬ 
structures  of  coarse-grained  PLZT  ceramics,  (a)  early  Honeywell 
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a  * 


material,  (b)  latest  Honeywell  material  and  (c)  Sandia  material. 

The  average  grain  size  of  Honeywell  material  is  about  4-5  pm,  while 
that  of  Sandia  is  about  10  pm. 

The  resistivity  of  PLZT  ceramics  was  measured.  It  was  about 
11  12 

10  *v»  10  ft-cm.  The  ferroelectric  hysteretic  and  polarization 

switching  studies  were  made  with  a  modified  Sawyer  and  Tower  bridge 

(31) 

circuit.  Fields  were  applied  perpendicular  to  the  plane  of  the 

ceramic  plates  with  gold  electrodes  deposited  on  both  surfaces.  The 

typical  saturation  polarization  and  the  remanent  polarization  of 

Vemitron  fine-grained  ceramics  were  55  pC/cm  and  33  pC/cm  ,  respectively. 

The  coercive  field  was  7.4  kV/cra.  These  of  Honeywell  fine-grained 

2  2 

ceramics  were  50  pC/cm  and  38  pC/cm  ,  respectively.  The  coercive 

field  was  4.5  kV/cm.  The  typical  sacuration  coarse-grained  ceramics 
2  2 

were  52  pC/cm  and  50  pC/cm  ,  respectively,  and  the  coercive  field  was 

(32) 

5.6  kV/cm.  These  data  seemed  higher  than  those  of  Haertling  et  al. 

These  ceramics  had  essentially  square  hysteresis  loops,  as  shown  in 
Fig.  7.  The  squareness  (ratio  of  remnant  to  saturation  polarization) 
of  the  loop  was  about  0.96.  The  effects  of  temperature  on  the  hysteresis 
loop  were  also  studied.  The  results  -r.re  similar  to  those  observed  by 
Haertling.  The  remanent  polarization  and  the  coercive  field 

gradually  decreased  with  increasing  temperature.  No  abrupt  change  in 
polarization  was  observed  at  the  Curie  point. 

The  dielectric  constant  and  the  dissipation  factor  of  virgin 
ceramics  (not  previously  electrically  poled)  were  evaluated  by  measuring 
the  capacitance  and  the  conductance,  using  Boonton  bridges.  Model  75C, 


Figure  7  Hysteresis  loop  observed  on  latest  Honeyv»..Ji  coarse¬ 
grained  ceramics.  Scale:  vertical,  20  pC/cm^  and 
horizontal,  2.35  KV/cm. 


for  frequencies  from  5  KHz  to  500  KHz  and  model  75A-S8  for  frequency 

at  1  MHz.  The  measurements  were  made  with  gold  counter  electrodes 

deposited  on  both  surfaces.  The  room  temperature  dielectric  constant 

ranged  from  3000  to  4000  at  5  KHz,  agreed  with  the  results  of  Haertling 

et  al.^^  It  decreased  slightly  with  increasing  frequency.  The 

dissipation  factor  was  about  3  ^  5  %  at  5  KHz  and  increased  with  increasing 

frequency.  It  was  interesting  to  note  that  both  the  dielectric  constant 

and  the  dissipation  factor  decreased  after  the  ceramic  was  subjected 

to  a  cycling  electric  field  of  3  Ec,  here  Ec  being  the  coercive  field. 

Figure  8  shows  a  typical  room  temperature  dielectric  constant  and 

dissipation  factor  versus  frequency  curves  measured  from  a  fine-grained 

ceramic  (Vernitron) .  The  solid  curves  are  from  the  virgin  ceramic 

and  the  dashed  curves  are  after  being  cycled  with  an  electric  field. 

IV. 3  Epitaxial  Bismuth  Titanate  Films 

The  epitaxial  bismuth  titanate  films  were  prepared  by  rf 

sputtering  using  ceramic  targets  containing  an  excess  of  B^O^  *n  orc^er 

(14) 

to  compensate  for  the  loss  of  this  component.  The  target  composi¬ 

tion  was  0.8  Bi^Ti^O^  +  0.2  Bi^Ti^Q.  Films  were  deposited  at 

substrate  temperature  slightly  higher  than  the  Curie  temperature  which 

(14  15) 

gave  films  of  good  optical  quality.  It  was  found  in  previous  studies  ’ 

that  films  grown  on  (110)  MgO  were  twinned  and  multi-domain  as  shown 

in  Fig.  9.  The  occurrence  of  twin  pattern  was  attributed  to  the  difference 

in  the  thermal  expansion  coefficients  between  the  bismuth  titanate, 

_6 

which  were  approximately  6,  11  and  14  x  10  /°C  along  the  a,  b^  and  c_  axes 

(33)  —6 

respectively v  ,  and  that  of  MgO,  14  x  10  /°C.  A  thermal  expansion 
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8/65/35  PLZT  (Vernitron) . 


"igure  9 


Microstructure  under  crossed  polarizers  of  bismuth  titanate 
films  grown  on  (110)  MgO-  Elongated  regions  are  a-up  regions 
and  the  background  is  4-up  regions. 
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mismatch  arose  on  cooling  from  the  growth  temperature  along  that  axis 

in  the  film  plane  lying  parallel  to  the  a  or  b  axis  of  the  twin  structure. 

This  generated  a  strong  compressive  clamping  force  along  this  axis  of 

the  film,  which  presumably  also  contributed  to  the  adoption  of  the 

striped  twin  structure  on  cooling  below  the  Curie  temperature.  Because 

of  the  piezoelectric  fields  associated  with  this  stress  films  grown  on 

MgO  could  not  be  completely  poled  to  a  single-domain  state  unless  they 

were  detached  from  the  substrate  and  annealed  above  the  Curie  tempera- 
(15) 

ture.  Thus,  the  substrate-attached  films  on  (110)  MgO  were  un¬ 

suitable  for  electro-optic  display  purposes. 

To  solve  the  above  difficulty,  (110)  spinel  (MgA^O^)  crystals 
which  possessed  planes  structurally  similar  to  the  (110)  plane  of  MgO 
were  investigated.  Films  grown  on  (110)  MgA^O^  possessed  excellent 
optical  quality  and  comprised  the  desired  single  (010)  orientation 
needed  for  display  applications.  The  absence  of  a-b^  twinning  in  these 
films  resulted  from  the  lower  thermal  expansion  coefficient  of  MgA^O^ 
(7.4  x  10  /°C)  compared  with  MgO.  A  tensile  stress  (relative  to  the 

b^-axis  of  the  titanate)  generated  in  the  film  on  cooling  from  the 

O 

growth  temperature  favored  parallelism  of  the  large  a^axis  (a  =  5.45  A), 

o 

racher  than  the  axis  (b  =  5.41  A),  with  the  substrate  surface.  Un¬ 
fortunately,  the  relatively  large  thermal  expansion  coefficient  of 
bismuth  titanate  along  the  £-axisv  J  (^14  x  10  V°C),  compared  with 
that  for  MgA^O^,  led  to  cracking  and  peeling  of  films  thicker  than 
5  ym.  To  overcome  this  problem,  a  stress  compensation  technique  was 
used.  This  technique  utilized  bending  stresses  in  the  substrate 
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during  film  deposition  to  compensate  for  the  £-axis  tensile  stress 
in  the  film.  Adherent  films  thicker  than  10  pm  were  successfully 
grown.  The  cracks  were  not  completely  eliminated  but  they  did  not 
adversely  affect  the  optical  switching  behavior  of  the  film. 

IV. 4  Photoconductors 
a)  ZnSe 

ZnSe  films  were  fabricated  essentially  by  standard  vacuum 
evaporation.  The  system  used  is  schematically  shown  in  Fig.  10.  The 
charge,  consisting  of  pressed  pellets  of  the  pre-fired  powdered 
materials,  was  slowly  evaporated  from  a  tantalum  crucible  and  condensed 
on  a  PLZT  substrate  kept  at  350°C.  A  vacuum  of  the  order  of  10  torr 
is  quite  sufficient.  The  sticking  probability  on  the  substitute  is 
noticeably  below  unity  if  the  substrate  is  kept  at  high  temperature. 
Hence,  crucible  and  substrate  were  enclosed  in  a  "hot  chamber"  (quartz) 
which  was  uniformly  heated  at  all  sides,  within  the  evaluated  bell 
jar.  Particles  (atoms,  ions)  of  ZnSe  may  then  bounce  several  times  from 
wall  to  wall  during  evaporation  before  they  condense  into  the  final 
film.  ZnSe  films  prepared  in  this  way  were  very  uniform,  adhering 
well  to  glass  or  PLZT  substrate.  The  thickness  of  the  films  was  pre¬ 
determined  by  a  weighed  amount  of  charge.  More  accurate  determination 
of  a  film  thickness  was  possible  by  weighing  the  substrate  before 
and  after  evaporation,  or  by  counting  interference  fringes.  The  re¬ 
sistivities  of  ZnSe  films  were  measured  by  depositing  2  pm  thick  ZnSe 
layers  on  heated  glass  substrates,  aluminum  electrodes  of  23  mils  by 
30  mils  with  a  gap  of  10  pm  by  30  mils  being  used.  The  dai’k  resistivity 
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was  about  7.5  x  10^  ft-cm.  To  measure,  the  resistivity  under  light 
illuminating  condition,  the  sample  was  exposed  to  the  light  from  a 
microscope  illuminator  (American  Optical  Company  model  350)  which  was 
set  at  the  strongest  intensity  position.  The  distance  from  the  light 
bulb  to  the  film  wao  about  1  inch.  The  resistivity  under  the  light 
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illumination  decreased  to  about  5.5  x  10  ft-cm.  a  charge  of  about 
three  order  in  magnitude. 

The  appearance  of  ZnSe  films  deposited  on  PLZT  at  350°C 
were  yellowish  and  opaque.  It  was  suspected  that  some  reaction  might 
have  occurred  at  the  PLZT  ceramic  and  ZnSe  interface  at  this  deposition 
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temperature.  To  prevent  this  from  occurring,  a  thin  Si02  of  700  A  was 
sandwiched  between  the  PLZT  and  ZnSe  layer.  The  ZnSe  then  became 
clear  and  transparent  with  a  slight  yellowish  color. 

To  study  the  feasibility  of  light  modulation  using  ZnSe  on 
PLZT,  we  deposited  semitransparent  gold  electrodes  on  both  major 
surfaces  of  the  ZnSe/PLZT  multi -structure.  The  hysteresis  loops  were 
examined  under  the  dark  and  light  conditions.  Figure  11  shows  typical 
60  Hz  hysteresis  loops.  The  inner  loop  was  obtained  in  the  dark, 
while  the  outer  one  was  under  light  illumination.  Thus  a  weak  photo¬ 
conductor  modulation  using  ZnSe  was  demonstrated.  The  effect,  however, 
was  too  small  in  magnitude  to  be  useful  for  display  purposes.  The 
result  could  be  improved  if  a  thinner  Si02  layer  or  a  much  stronger 
intensity  light  was  used.  This  would  show  a  better  photoconductivity 
modulation,  and  the  loop  under  the  light  illumination  v;ould  open  up 
much  further. 
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b)  PVK 


The  organic  photoconductor  PVK,  doped  with  2,  4,  7-trinitro-9- 
fluorenone  (TNF)  at  the  ratio  of  10  to  1  to  make  it  active  in  the  visible 
region  of  the  spectrum,  was  mixed  in  a  solvent  of  50-50  methylene 
chloride  and  p-dioxane.  The  solution  was  mixed  with  the  following  in¬ 
gredients:  8  gram  polyvinyl  carbazole,  0.8  gram  tr.lnitro-9-fluorenone, 

30  ml  methylene  chloride  and  30  ml  p-dioxane.  After  mixing,  the 
miiture  was  stirred  and  heated  in  a  brown  bottle  at  55°C  to  60°C  for 
8  hours.  To  coat  the  PVK  on  PLZT  ceramics,  the  samples  were  dipped  in 
the  mixture  and  pulled  out  fast.  This  gave  a  uniform  3-12  micron 
thick  coating.  This  procedure  could  be  repeated  to  get  a  thicker  coating. 
A  good  PVK  layer  of  ^20  pm  thick  appeared  to  be  dark  brown  in  color 
and  translucent.  Sometimes  after  the  sample  was  pulled  out  from  the 
mixture,  the  appearance  of  PVK  coatings  would  change  to  milky  brown 
and  lose  the  transparency.  This  appeared  to  be  due  to  condensation 
of  moisture.  This  tendency  was  corrected  by  drying  the  sample  with  a 
hot  heat  gun  or  by  warming  it  on  a  hot  plate.  Both  would  bring  the 
PVK  layer  back  to  the  original  brownish  transparency. 

The  resistivity  of  PVK  layer  was  measured  on  a  sample 
16.5  pm  thick.  This  layer  was  coated  on  a  glass  slide  which  had  a 
predeposited  aluminum  layer  to  serve  as  the  base  electrode.  A  semi¬ 
transparent  gold  dot  evaporated  on  the  PVK  was  used  as  the  upper 
electrode.  The  typical  dark  resistivity  was  about  5.55  x  10"  0-cm. 

The  resistivity  under  the  illuminating  condition  was  measured  by  shining 
the  incident  light  through  the  semitransparent  dot  electrode.  Only 
about  one  order  of  magnitude  change  in  resistivity  was  noticed. 
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c)  CdS 

The  CdS  films  were  prepared  by  rf  sputtering  from  a  hoc  pressed 
CdS  target  5  inches  in  diameter  and  1/4  inch  in  thickness.  The  sputter¬ 
ing  was  performed  in  an  18  inch  bell  jar  in  a  mixing  gas  consisting 
of  98%  argon  and  2%  hydrogen  sulfide  (I^S) .  The  sputtering  gas  pressure 
was  set  at  5  mtorr.  The  input  power  was  80  watts.  The  film  deposition 

O 

rate  under  these  conditions  \  as  100  A/min. 

Films  were  first  deposited  on  quartz  substrates  for  resistivity 
and  photo-sensitivity  measurements.  The  film  deposited  at  substrate 
temperatures  lower  than  250°C  tended  to  peel  after  cooling.  To 
obtain  adherent  films  the  subs trace  temperature  was  increased  above 
300°C.  Films  deposited  at  higher  temperatures  were  highly  oriented. 

Results  on  resistivity  measurements  on  several  typical  films  are  listed 
in  Table  I.  The  resistivity  measurements  were  made  with  indium  as  the 
contact  electrodes .  The  electrodes  were  separated  with  a  gap  of  10  urn 

O 

and  a  width  of  30  mils.  The  typical  film  thickness  was  about  6000  A. 

The  resistivity  under  the  light  illuminating  condition  was  measured 
the  same  way  as  that  used  for  ZnSe  films.  The  annealing  conditions 
were  450  *v.  500°C  for  1  hour  in  air. 

As  shown  in  Table  1,  the  CdS  dark  resistivity  increased  with 
the  substrate  deposition  temperature.  For  temperatures  higher  than  380°C, 
the  dark  resistivity,  however,  started  decreasing.  The  film  probably 
became  sulfur  deficient  at  higher  substrate  temperatures.  The  highest 

g 

dark  resistivity  obtained  was  about  1.8  x  10  fi-cm  on  films  deposited  at 
a  substrate  temperature  of  about  370°C.  The  photosensitivity  of  as-grown 
films  was  low.  The  resistivity  changed  only  three  orders  of  magnitude  under  the 
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illumination  condition  mentioned  above.  The  Dark/Light  resistivity 

3 

ratio  was  highest,  about  2.33  x  10  ,  for  films  deposited  at  370°C. 

The  effects  of  annealing  on  the  film  resistivity  will  be 
described  next.  The  annealing  wai  performed  in  a  quartz  tube  furnace 
for  one  hour  in  air  at  about  450-500°C.  The  dark  resistivity  in  general 
increased  after  annealing.  For  films  deposited  at  temperatures  above 
380°C,  which  were  probably  sligntly  sulfur  deficient  (or  cadmium-rich), 
the  dark  resistivity  decreased  slightly  after  annealing.  It  was 
assumed  that  the  excess  cadmium  might  be  oxidized  during  the  annealing 
process.  The  photoconductivity  of  the  films  increased  considerably 
after  annealing.  The  Dark/Light  resistivity  ratio  was  increased  to 
about  five  orders  in  magnitude. 

IV. 5  Transparent  Conductive  Films 

The  transparent  conductive  film  studied  was  tin-oxide  doped 
indium  oxide.  The  film  was  fabricated  by  rf  sputtering  in  the  same 
system  as  used  to  grow  CdS  films.  The  sputtering  target  consisted  of 
an  indium  oxide  (In20^)  with  9  mole  %  tin  oxide  (SnC^) ,  and  was  in 
the  form  of  a  hot-pressed  disk  with  a  diameter  of  5  inches  and  a  thick¬ 
ness  of  1/4  inch.  Films  were  deposited  in  a  mixing  gas  of  50%  argon 
and  50%  oxygen  at  a  pressure  of  6  pm.  The  rf  power  input  was  about 
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80  watts,  resulting  in  a  film  deposition  rate  of  about  45  A/min.  The 
substrate  temperature  varied  from  450°C  to  500°C. 

It  was  found  that  the  film  resistivity  changed  with  the  sub¬ 


strate  deposition  temperature.  The  higher  the  temperature,  the 
lower  the  film  resistivity.  To  study  the  effect  of  substrate  tempera¬ 
ture  on  the  film  resistivity,  several  deposition  runs  were  made  at 


different  temperatures  on  quartz  substrates.  Film  sheet  resistances 
were  measured  with  indium  electrodes  of  30  mils  wide  and  a  6  mils  gap. 
Results  of  room  temperature  resistivity  versus  the  substrate  deposition 
temperature  is  given  in  Fig.  12.  The  film  resistivity  was  high,  about 
1  fl-cm,  when  grown  on  an  unheated  substrate.  The  resistivity  exponentially 
decreased  with  the  increasing  substrate  deposition  temperature.  The 
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resistivity  was  about  1  x  10  Q-cm  for  films  deposited  at  500°C. 

The  effect  of  annealing  in  air  was  also  investigated.  The 
resistivity  of  a  film  deposited  on  a  unheated  substrate  was  decreased 
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to  6  x  10  ft-cm,  only  twice  higher  than  that  of  film  deposited  at 
450°C. 

Studies  were  also  made  to  develop  some  techniques  of  etching 
and  delineating  the  patterns  on  the  transparent  film.  Two  techniques 
were  successfully  developed.  The  first  was  chemical  etching  with  oxalic 
acid.  The  second  was  with  the  photoresist  rejection  method.  In  the 
first  method,  the  transparent  conductive  layer  was  masked  with  a  photo¬ 
resist  layer  and  then  etched  in  concentrated  oxalic  acid  at  about  65°C. 
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The  etch  rate  was  about  38  A/min.  Figure  13  shows  an  etched  pattern 
with  a  12  urn  strip  line.  The  second  method,  photoresist  rejection 
method,  was  as  follows.  A  glass  substrate  was  first  covered  with  a 
positive  photoresist  layer.  This  layer  was  then  delineated  with  a 
mask.  After  pattern  delineation,  an  indium  oxide  transparent  conductive 
film  was  deposited  over  the  substrate.  The  film  deposited  on  the 
patterned  photoresist  layer  was  rejected  with  the  photoresist  by 
agitation  in  an  ultrasonic  vibrator.  A  few  minute  rinsa  in  a  warm 
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NaOH  solution  was  then  used  to  remove  any  residual  stain  left  behind 
by  the  photoresist.  By  this  technique,  lines  as  narrow  as  10  pm  were 
satisfactorily  delineated.  Figure  14  shows  photos  taken  after  the 
transparent  conductive  film  was  deposited  on  the  delineated  pattern. 

Films  deposited  on  the  photoresist  were  wrinkled,  cracked  or  peeled. 

Films  in  the  windows  were  firmly  adherent  to  the  glass  substrate. 

Figure  15  shows  a  photo  taken  after  the  photoresist  layer  and  the 
overlying  transparent  conductive  film  were  rejected.  The  width  of  the 
strip  line  in  this  case  is  10  pm. 

IV. 6  Opaque  GaAs  and  Insulating  Si02  Multilayers 

On  PLZT  display  panels  using  the  X-Y  matrix  addressing  scheme, 
each  active  display  element  is  surrounded  by  some  dead  areas.  Light 
transmission  through  these  areas  interferes  with  the  display  function 
of  active  areas.  To  prevent  this,  an  opaque  multilayer  which  consisted 
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of  a  2  pm  GaAs  and  a  2000  A  SiOj  layer  was  used  to  mask  the  dead  areas. 

A  2  pm  thick  amorphous  GaAs  layer  was  found  to  be  optically  dense 
enough  to  satisfy  this  purpose.  But  its  resistivity  was  about  3.38  x  10^ 
ft-cm  which  was  several  orders  lower  in  magnitude  than  that  of  PLZT 
ceramics.  To  avoid  any  surface  leakage  via  the  GaAs,  it  was  necessary 
to  insulate  this  1,.  er  from  the  contact  electrode  deposited  on  it. 

O 

This  was  achieved  by  depositing  a  2000  A  Si02  layer  on  the  opaque  GaAs 
layer.  This  multilayer  structure  was  fabricated  in  two  separate  systems 
as  follows . 

The  first  GaAs  layer  was  deposited  in  a  MRC  rf  sputtering 
system.  The  cathode  consisted  of  a  5-inch  diameter,  1/4  inch  thick 
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polycrystalline  GaAs  target.  The  deposition  was  performed  in  an  argon 
atmosphere  at  a  gas  pressure  of  7  pm.  The  input  power  was  about  100  watts, 
.’he  film  deposition  rate  under  these  conditions  was  about  38  A/min. 

(The  growth  study  on  GaAs  films  was  conducted  by  Dr.  A.  J.  Noreika 
under  a  Westinghouse  funded  research  program.) 

The  upper  SiC^  insulating  layer  was  grown  in  a  Varian  rf 
sputtering  system.  The  sputtering  target  was  made  of  two  9-inch  diameter 
semi-circular  quarta  disks  with  a  thickness  of  1/4  inch.  The  disks 
were  mounted  under  the  copper  cathode  electrode  by  ceramic  clips  around 
the  circular  periphery.  Surrounding  the  space  between  the  target  and 
the  substrate  table  was  a  two-turn  copper  coil  shielded  by  ceramic 
beads.  The  rf  field  from  the  copper  coil  was  used  to  sustain  the  glow 
discharge  at  low  pressures.  The  distance  between  the  target  and  the 
substrate  was  about  2.25  inch.  Depositions  for  SiC^  layers  were  operated 
in  an  oxygen-argon  mixing  gas  at  a  pressure  of  about  3  pm.  A  typical 
input  power  to  the  cathode  and  the  rf  coil  were  about  2.25  in.  Depo¬ 
sitions  for  Si02  layers  were  operated  in  an  oxygen-argon  mixing  gas  at 
a  pressure  of  about  3  pm.  A  typical  input  power  to  the  cathode  and 
the  rf  coil  were  about  300  watts  and  200  watts,  respectively.  The 
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deposition  rate  was  about  120  A/min. 

After  the  multilayer  deposition,  the  active  regions  on  PLZT 
for  display  were  opened  by  the  photoresist  and  etching  techniques. 

The  SiO^  insulating  layer  was  etched  with  a  buffered  HF  solution 
and  the  opaque  GaAs  layer  was  with  a  methanol-bromine  solution.  In 
the  latter  solution,  the  bromine  concentration  was  diluted  to  slow 


down  the  etch  rate.  A  photo  showing  the  etched  windows  and  the  blocked 
dead  areas  is  given  in  Fig.  16.  The  GaAs  layer  was  slightly  undercut 
for  about  1  mil.  The  square  windows  of  10  mils  by  10  mils  on  the  Si02 
layer  are  also  observable. 
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V.  EVALUATION  OF  DISPLAY  PROPERTIES 

V.  I  Test  Results  on  PLZT  Fine-Grained  Ceramics 

Two  different  kinds  of  PLZT  ceramics  were  tested.  One  was 
fine-grained  ceramic- originally  proposed  for  use  in  the  birefringent 
display  mode;  and  the  other  was  recently  developed  at  Sandia  for  the 
light  scattering  mode.  The  principle  of  the  devices  using  fine-grained 
ceramics  was  based  on  the  differential  phase  retardation  between  the 
components  of  a  polarized  light  beam.  The  change  in  effective 
birefringence  when  the  polarization  direction  was  switched  from  perpen¬ 
dicular  to  the  ceramic  plate  to  parallel  to  the  plate  or  vice  versa 
would  produce  a  half-wavelength  retardation.  Therefore  when  the  device 
was  first  set  to  a  transmission  (ON)  state,  it  would  be  switched 
off  if  the  polarization  direction  was  changed  by  means  of  an  external 
electric  field.  To  observe  this  contrast  behavior,  a  monochromatic 
light  source  was  needed.  The  device  was  placed  between  crossed 
polarizers  or  parallel  polarizers.  A  compensator  was  also  required 
to  compensate  for  the  sample  thickness . 
a)  Optical  Address  Studies 

The  first  device  tested  had  a  photoconductor-ferroelectric 
sandwich  structure.  The  upper  electrode  (on  the  photoconductor  side) 
used  a  semi-transparent  gold  layer.  The  bottom  electrode  consisted  of 
an  array  of  interdigitated  1-mii  fingers  spaced  at  1  mil,  as  shown 
in  Fig.  17.  The  photoconductor  used  was  CdS.  Figure  18  shows  a 
device  fabricated  from  a  3  mil  polished  PLZT  (Honeywell)  ceramic  sample 
and  a  rf  sputtered  1  urn  thick  CdS  photoconductive  layer.  The  polarization 
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of  the  PLZT  was  just  poled  parallel  to  the  ceramic  plane  by  applying 
a  25  kv/cm  electric  field  between  the  bottom  interdigital  electrodes. 

The  field  was  removed.  A  field,  perpendicular  to  the  plane,  of  about 
5^8  kV/cm,  which  was  slightly  higher  than  the  coercive  field,  was 
then  applied  between  the  semitransparent  upper  electrode  and  the  bottom 
electrodes.  The  device  was  selectively  illuminated.  The  intensity  of 
the  monochromatic  light  (X  =  580  pm)  was  varied  to  modulate  to  CdS 
conductivity . 

The  results  were  not  very  encouraging.  Difficulty  was 
experienced  in  inducing  switching  and  contrast  changes  in  the  areas 
selectively  illuminated  with  light  incident  from  the  CdS  coated  side. 

The  problem  appeared  to  arise  from  two  reasons.  The  first  was 
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the  low  dark  resistivity  value  of  the  CdS  (approximately  10  fi-cm) , 
which  failed  to  satisfy  the  equation  (2)  in  Section  IV.  the  second 
was  poor  contrast  change  of  PLZT  ceramics  between  and  ON  and  OFF  states, 
apparently  due  to  high  residual  porosity  and  large  grainsize  of  the 
material.  To  evaluate  the  photoconductor  resistivity  problem,  let 
us  reconsider  some  device  parameters  involved  in  Eq.  (2),  Section  IV. 

If  we  choose  a  PLZT  thickness  of  75  pm  and  a  photoconductor  layer 

1  pm  thick,  the  dark  resistivity  of  the  photoconductor  has  to  be 

14 

750  times  higher  than  that  of  PLZT,  about  3.75  x  10  Q-cm,  to  satisfy 
this  equation.  There  is  no  such  photoconductor  available  at  the  present 
time.  The  alternative  is  to  increase  the  thickness  of  the  photocon¬ 
ductor.  The  highest  dark  resistivity  of  CdS  we  obtained  is  about 
8 

2  x  10  ft-cm  which  would  indicate  the  need  for  a  very  thick  CdS  layer, 
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which  is  very  difficult  to  grow.  The  use  of  other  photoconductors  such 


as  ZnSe  or  PVK,  which  have  a  higher  dark  resistivity  of  about  7.5  x  10" 
and  5  x  10"  0-cm  respectively,  may  be  more  promising.  But  even  with 
these  photoconductors,  the  thickness  required  is  still  very  great.  In 
view  of  materials  limitations  encountered  with  both  the  photoconductors 
and  PLZT  ceramics,  the  X-Y  matrix  address  rather  than  the  optical 
address  approach  was  chosen  for  the  later  display  study.  It  was  also 
hoped  that  direct  electro-optic  evaluation  of  this  type  would  lead 
more  quickly  to  the  selection  of  improved  PLZT  samples  (possessing 
superior  contrast  properties)  which  might  later  be  re-examined  with 
the  optical  address  mode. 

b)  Address  via  IDT  and  Matrix  Electrode  Structures 
One  of  the  difficulties  encountered  in  switching  the  devices 
with  the  photoconductor-ferroelectric  sandwich  structu;  ^as  very  low  a 
contrast  ratio  arising  from  poor  PLZT  ceramics.  To  exam-  . 
the  contrast  behavior  of  these  ceramics,  a  simpler  test  device  was 
fabricated  by  depositing  interdigitated  (IDT)  finger  electrodes  on 
both  ceramic  surfaces.  The  upper  and  the  bottom  electrodes  were  matched 
exactly.  The  ferroelectric  polarization  direction  was  switched  from 
parallel  to  the  plate  to  perpendicular  to  the  plate,  or  vice  versa, 
with  proper  fields  applied  to  the  upper  and  the  bottom  electrodes. 

(The  sample  was  placed  between  crossed  polarizers.)  The  optical  contrast 
changes  accompanied  with  electrical  switching  were  found  to  be  poor  on 
Honeywell's  materials.  The  result  suggested  that  the  PLZT  ceramics  (Honey' 
well)  used  in  early  devices  with  the  photocdnductor-ferroelectric 


sandwich  structure  might  not  be  suitable  for  device  applications 
utilizing  the  differential  phase  retardation  mode.  Therefore,  for  fine¬ 
grained  PLZT  ceramics  we  used  the  materials  supplied  from  Vernitron  only. 

For  X-Y  matrix  address  approach,  the  conductive  electrodes 
used  were  either  semi-transparent  gold  electrodes  or  transparent 
tin  oxide  doped  indium  oxide  electrodes.  The  semi-transparent  gold 
electrodes  were  tried  first  because  of  the  simplicity  of  fabrication. 

They  were  evaporated  through  a  metal  mask  having  4  mils  by  3/8  in  win¬ 
dows  spaced  at  6  mils  apart.  By  cross-depositing  the  upper  and  lower 
electrodes,  4  mils  by  4  mils  overlapped  areas  were  formed.  Figure  18 
shows  a  typical  sample  after  the  electrodes  were  deposited.  It  was 
mounted  on  a  22  mm  x  60  mm  cover  glass  with  transparent  glycol 
phthalate. 

/  or} 

To  test  the  sample,  provision  was  made  to  strain-bias v 
the  ceramic,  so  as  to  provide  a  remanent  polarization  axis  in  the  plane. 
The  cover  glass  was  bent  which  induced  a  tensile  or  compressive 

_3 

strain  of  approximately  1  x  10  on  the  sample.  The  switching  experiment 
was  made  under  parallel  polarizers  with  a  compensator.  The  sample  was 
aligned  in  such  a  way  that  the  direction  of  tensile  (or  compressive) 
stress  was  at  45°  to  the  axis  of  the  polarizer.  The  ceramic  was  poled 
with  pulses  of  up  to  45  kV/cm.  (All  the  fingers  of  the  top  and  the 
bottom  electrodes  were  joined  in  common  for  simplicity  of  testing.) 

The  polarity  of  the  switching  field  was  then  reversed.  The  magnitude 
and  the  width  of  the  switching  pulse  were  varied.  A  pulse  with  a 
field  of  45  kV/cm  with  a  pulse  width  of  4^5  psec  would  give  a  better 
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contrast  difference  between  the  T-state  (ON  state)  and  the  L-state 
(OFF  state)  in  the  square  overlapped  areas.  Too  long  a  pulse  width 
would  reduce  the  contrast  difference,  because  the  polarization  would 
tend  to  align  in  the  opposite  direction.  Areas  surrounding  the 
overlapped  areas  also  exhibited  contrast  effect  due  to  the  fringing 
field.  Although  a  contrast  difference  was  observed,  the  ratio  was 
too  low  to  be  acceptable  for  a  practical  display  purpose. 

The  difficulty  of  the  test  structure  just  mentioned  above 
with  simply  X-Y  crossed  electrodes  was  that  light  would  transmit 
through  the  dead  areas  around  the  overlapped  square  display  elements. 
This  would  destroy  or  distort  the  information.  A  simple  way  to  solve 
this  problc  a  was  to  block  these  dead  areas  with  a  non-transparent 
material.  This  was  done  by  depositing  a  thin  layer  of  GaAs  followed 
by  another  thin  layer  of  insulating  SiC^  layer  on  PLZT  ceramics. 

The  detailed  fabrication  processes  were  already  discussed  in  Section  IV. 
After  etching  out  the  display  windows,  which  were  10  mils  by  10  mils, 
a  transparent  indium  oxide-tin  oxide  layer  was  deposited  on  both 
surfaces.  Figure  19  shows  one  of  the  finished  samples.  For  actual 
X-Y  matrix  address,  the  transparent  oxide  layers  on  both  surfaces 
had  to  be  etched,  delineated  into  finger-type  electrodes  crossed  with 
respect  to  each  other.  In  our  test  devices,  we  simply  used  the  whole 
layer  as  the  electrode.  The  contact  was  made  with  a  2-mil  gold  wire 
which  was  bonded  on  the  transparent  electrode  with  silver  paste.  The 
switching  experiments  on  these  samples  were  similar  to  those  used  on 
testing  the  devices  with  semi-transparent  electrodes. 
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It  was  found  that  the  switching  speed  of  the  device  was  very 

slow.  The  maximum  optical  contrast  ratio  between  on  "ON"  and  "OFF" 

-4 

states  under  a  tensile  strain  of  7  x  10  was  only  2.3.  The  sample 
was  brittle  so  the  maximum  applicable  tensile  strain  was  limited. 
Furthermore,  a  piezoelectric  strain  was  generated  when  poling  fields 
were  applied.  The  poling  field  used  was  about  10  kV/cm  and  the  switch¬ 
ing  field  was  about  5  kV/cm.  Attempts  to  increase  the  dc  poling  field 

-4 

to  15  kV/cm  under  a  tensile  strain  of  7  x  10  resulted  in  cracking 

of  the  sample  caused  by  this  high  piezoelectric  strain. 

c)  Tests  on  PLZT  Coarse-Grained  Ceramics 

The  second  of  PLZT  ceramic  devices  tested  were  made  from 

coarse-grained  ceramics.  The  device  utilizes  a  longitudinal  electro- 

(29) 

optic  scattering  effect.  The  maximum  transmission  or  lowest  light 

scattering  occurs  when  the  polarization  is  in  the  same  direction  as 

that  of  the  incident  light.  The  device  exhibits  the  capability  of 

storing  photographic  images  with  reasonably  high  resolution  and  good 
(29) 

gray  scale.  Several  advantages  of  this  device  are  simplicity 

of  fabrication,  no  requirement  of  transverse  electric  field  or  strain 
bias,  noncritical  tolerances  on  plate  thickness,  elimination  of  the 
polarizer  and  analyzer  and  ability  to  use  white  light  sources  for  viewing 
and  projection.  Because  of  these  advantages  the  new  device  approach 
was  undertaken  in  our  display  study  using  coarse-grained  (grain  size 
-•  4  pm)  PLZT  ceramics. 

The  coarse-grained  ceramics  as  supplied  by  Honeywell  Company 
were  chemically  prepared  and  hot  pressed  in  an  oxygen  atmosphere  (CP-DX-HP) . 
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After  being  received,  they  were  lapped  and  polished  on  both  surfaces 
and  then  annealed  in  air  at  700°C  for  one  hour,  as  described  in 
Section  IV.  Two  studies  were  made.  One  involved  measurement  of  the 
contrast  ratio  versus  the  switching  electric  field,  and  the  other 
the  contrast  ratio  versus  the  ceramic  thickness. 

The  experiments  on  contrast  ratio  versus  the  switching  electric 
field  were  made  on  samples  with  semi-transparent  gold  electrodes 
on  the  two  major  surfaces.  The  gold  electrodes  were  about  0.5  cm  in 
diameter.  The  grain  size  was  approximately  4  urn,  as  shown  in  Fig.  5. 

A  Vickers  tungsten  halogen  lamp  was  used  as  the  light  source  which 
was  placed  on  one  side  of  the  ceramic  plate.  The  aperture  at  the  light 
source  was  adjusted  such  that  a  light  beam  of  diameter  less  than  0.5  cm 
was  incident  on  the  sample  electrode.  An  S-20  photodetector  with 
angular  aperture  of  approximately  5°  was  used  to  measure  the  intensity 
of  the  light  transmitted  along  an  axis  normal  to  the  major  surfaces. 

The  ceramic  was  poled  with  a  field  of  10  kV/cm.  The  sample 
was  then  switched  with  opposite  fields  increasing  from  0  to  -10  kV/cm. 

The  intensity  of  the  light  transmitted  was  recorded  at  each  switching 
field.  Figure  20  shows  the  contrast  ratio  versus  the  switching 
electric  field  measured  on  a  100  urn  sample.  The  contrast  started  de¬ 
creasing  with  increasing  switching  field.  At  a  rield  of  about  3.5  kV/cm 
the  intensity  was  the  lowest.  Beyond  that  field,  the  intensity  in¬ 
creased  very  rapidly  again  due  to  the  realignment  of  the  polarization 
in  the  opposite  direction.  The  maximum  contrast  ratio  was  about 
5.2  on  this  100  urn  sample.  The  shape  of  the  contrast  ratio  versus 
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Figure  20  Contrast  ratio  versus  switching  electric  field  measured  on 
100  urn  coarse-grained  sample. 


electric  field  curves  for  samples  of  other  thicknesses  was  in  general 

the  same.  Figure  21  shows  the  maximum  contrast  ratio  versus  the 

thickness  measured  on  our  samples  together  with  that  obtained  by  Smith 
(29) 

and  Land  on  samples  prepared  at  Sandia.  Three  thicknesses:  100, 

200  and  300  urn  were  studied.  The  data  were  indicated  by  the  square 
marks.  The  main  reason  of  lower  contrast  ratio  on  our  samples  was 
attributed  to  smaller  grain  size  than  that  of  Smith  and  Land  (see 
Fig.  6). 

V. 2  Test  Results  on  Epitaxial  Bismuth  Titanate  Films 

The  test  structure  used  for  bismuth-titanate  display  devices 
consisted  of  an  interdigitated  (IDT)  electrode  array  which  we  so  aligned 
that  the  direction  of  the  finger  electrodes  was  at  45  degree  with  respect 
to  the  a  and  c_  axes  of  the  film.  This  structure  was  fabricated  as 
follows.  A  Ti-Au  multilayer  was  evaporated  on  the  (110)  MgA^O^  sub¬ 
strate  before  the  bismuth  titanate  film  was  grown.  An  interdigitated 
array,  which  served  as  the  bottom  electrode,  was  delineated  with 
photolithographic  techniques,  giving  25  pm  fingers  separated  by  a 
50  pm  gap.  Tne  active  area  was  about  0.5  cm  by  0.6  cm.  Each  finger 
was  terminated  in  a  100  urn  square  contact  pad  located  alternatively 
at  both  ends.  The  epitaxial  bismuth  titanate  layer  was  then  grown 
on  the  substrate  by  the  method  described  in  Section  IV.  Regions  of 
titanate  layer  over  the  contact  pads  were  removed  by  etching  in  HC1. 

This  permitted  electrical  contact  to  the  bottom  electrodes.  An 
upper  matching  A1  array  was  fabricated  with  the  same  mask  lying  exactly 
over  the  bottom  one. 
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The  principle  of  operation  of  the  test  structure  can  be  ex¬ 
plained  from  a  unit  cell  enclosed  in  the  dotted  lines,  as  illustrated 
in  Fig.  22.  Fach  unit  cell  consists  of  two  outer  electrodes  with 
one  center  electrode  which  divides  the  active  area  into  two  regions. 

To  operate  the  structure,  the  outer  electrodes  are  grounded.  A  field 
high  enough  to  switch  both  the  a  and  £  polarization  components  is 
then  applied  to  all  the  center  electrodes,  resulting  in  a  poled 
structure  in  the  two  active  regions  of  each  cell.  The  resulting 
polarization  directions  are  electrically  opposed  but  the  resulting 
antiparallel  orientations  of  the  indicatrix  are  optically  equivalent. 
Switching  of  a  particular  cell  is  effected  by  addressing  its  center 
electrode  with  an  opposite  lower  field  sufficient  to  reverse  only 
the  low  coercive  force  £-axis  polarization  components  in  each  region. 

This  reversal  produces  the  same  tilt  in  both  of  the 

indicatrices  and  thus  a  cooperative  change  in  optical  transmission. 

For  simplicity  of  the  switching  experiment,  we  connected 
all  the  center  electrodes  together.  A  voltage  of  +450  volts  was 
then  applied  to  the  common  center  electrode  to  pole  all  active  regions 
into  a  single  domain  state.  The  sample  was  then  switched  with  -225  volts, 
applying  to  the  common  center  electrode  again.  This  switched  only  the 
£  polarization  components.  If  the  film  was  positioned  in  an  extinction 
position  first,  the  switching  would  change  the  film  to  a  transmission 
state.  The  light  transmissions  of  the  two  states  were  measured  with 
a  S-20  photodetector. 
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Figure  22  The  test  structure  used  to  observe  the  contrast  effect  of 
epitaxial  (010)  bismuth  titanate  films. 

< 
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The  maximum  contrast  ratio  achieved  on  bismuth-titanate 


devices  was  7  to  1  with  a  poling  field  of  120  kV/cm  and  a  switching 
field  (opposite  polarity)  of  60  kV/cm.  At  higher  switching  fields  the 
contrast  ratio  gradually  decreased  due  to  the  progressive  reversal 
of  the  a-axis  component  of  polarization,  which  tilted  the  optical 
indicatrix  back  into  antiparallelism  with  the  original  extinction 
setting.  Figure  23  shows  the  contrast  ratio  versus  switching  electric 
field  obtained  from  a  bismuth  titanate  device. 

V.3  Experimental  Display  Structures 

The  experimental  display  structures  for  both  the  FLZT  and 
bismuth  titanate  devices  were  designed  to  operate  with  the  X-Y  matrix 
addressing  scheme.  The  PLZT  coarse-grained  ceramics  were  mechanically 
lapped  and  polished.  The  thickness  was  about  200  pm.  They  were 
annealed  at  700°C  for  one  hour  in  air.  After  annealing,  the  GaAs  +  Si02 
multilayer  was  deposited.  Display  windows  of  10  mils  by  10  mils  were 
opened.  (See  Fig.  19).  (To  get  a  better  resolution  on  the  display 
picture  the  size  of  the  windows  will  be  optimized  in  the  later  study). 

A  tin  doped-indium  oxide  layer  was  deposited  on  each  surface  and  was 
then  etched  with  photoresist  techniques  into  an  array  of  10  mil  wide 
bar  electrodes  spaced  at  10  mils.  These  bar  electrodes  all  made  contacts 
to  10  mil  square  windows.  The  bar  electrodes  on  both  surfaces  were 
crossed  so  that  the  display  elements  can  be  addressed  with  the  X-Y 
matrix  addressing  scheme.  To  operate  the  display  structure,  all  the 
display  windows  will  be  poled  to  extinction  condition.  A  selective 
switching  on  individual  windows  will  be  made  by  applying  a  field 
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Contrast  Ratio 


to  the  proper  electrodes  to  switch  them  completely  or  partially. 

The  operation  can  be  controlled  with  an  external  X-Y  driving  circuit 
or  shift  registers. 

Tne  experimental  display  structure  for  bismuth  titanate 
de'-.  operated  with  X-Y  matrix  scheme  is  shown  in  Fig.  24.  The 
operation  mechanism  is  similar  to  the  test  structure  using  an 
interdigitated  electrode  array  as  described  in  Section  V.2.  The 
fabrication  processes  are  as  follows.  The  bottom  Ti-Au  electrodes 
which  were  1  mil  wide  separated  by  6  mils  were  deposited  on  the 
MgA^O^  substrate  at  45°  with  respect  to  the  (001)  axis  of  the  sub¬ 
strate.  Bismuth  titanate  films  of  about  10  um  thick  were  sputtered 
on  with  the  stress  compensation  technique.  The  bismuth  titanate 
layers  over  the  contact  pads  were  etched  away  to  allow  access  to 
the  bottom  electrodes.  The  upper  electrodes  which  consisted  of 
separated  X-addressing  electrodes  and  continuous  Y-addressing  electrodes 
were  deposited  and  delineated.  They  were  made  of  Ti-Au.  The  continuous 
electrodes  matched  exactly  with  the  bottom  electrodes.  Figure  25 
shows  a  typical  sample  after  the  upper  electrodes  were  delineated. 

To  make  contact  to  the  X-addressing  electrodes,  another  set  of  fingir 
electrodes,  1  mil  in  width  and  separated  by  6  mils,  were  deposited  at 
90  degress  with  respect  to  the  continuous  Y-addressing  electrodes. 

An  insulating  SiO,  layer  was  used  to  preven  .  direct  shorting  between 
these  electrodes  and  the  continuous  upper  Y-addressing  electrodes. 

The  size  of  each  display  element  was  about  6  mils  by  6  mils,  shown  by 
the  dotted  lines.  Each  element  consisted  of  two  active  regions. 
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To  operate  the  device,  all  display  elements  are  poled  first.  The 
device  which  is  placed  between  crossed  polarizers  is  rotated  to  an 
extinction  position.  An  individual  cell  is  then  selectively  switched 
with  an  opposite  polarity  electric  field  applied  to  the  corresponding 
X  and  Y  electrodes.  The  field  is  high  enough  to  switch  the  £  polariza¬ 
tion  components  only.  The  resulting  tilt  in  the  optical  indicatrix 
in  the  two  active  regions  of  each  cell  switches  the  cell  to  a  trans¬ 
mission  state.  The  grey  scale  can  be  obtained  by  varying  the  magnitude 
of  the  switching  field. 


VI.  CONCLUSIONS  AND  RECOMMENDATIONS  FOR  FURTHER  WORK 

This  study  thus  far  has  revealed  that  the  principal  difficul¬ 
ties  to  be  overcome  in  the  construction  of  a  high  contrast,  high  bright¬ 
ness  display  lie  in  the  shortcomings  of  the  ferroelectric  material,  and 
in  the  case  of  optical  address,  in  the  problem  of  fabricating  high  dark 
resistivity,  light-sensitive  photoconductor  layers.  Considerable 
progress  has  been  made  both  in  the  evaluation  of  commercially  available 
PLZT  ferroelectric  ceramics,  and  in  the  Westinghouse  program  for  the 
growth  of  epitaxial  bismuth  titanate  layers.  In  the  case  of  PLZT  the 
emphasis  has  changed  from  use  of  the  birefringent  mode  with  fine 
grained  ceramics  to  the  light  scattering  mode  recently  discovered  for 
coarse-grained  materials.  Rapid  progress  now  being  achieved  with  the 
Honeywell  coarse-grained  ceramics  suggests  that  these  should  supply 
a  high  contrast  display  medium  in  the  near  future.  However,  questions 
still  remain  to  be  answered  concerning  the  nature  of  optical  contrast 
and  limitations  on  the  a-  e  of  view  for  this  mode  of  display. 

Much  has  been  ^omplished  in  the  area  of  fabrication  tech¬ 
niques,  both  in  delineation  of  electrode  masking  and  electrical  insula¬ 
tion.  This  technology  is  vital  for  the  successful  construction  of  a 
working  display.  During  the  next  phase  of  this  contract  the  techniques 
now  developed  will  be  applied  further  co  the  construction  of  display 
devices  both  in  coarse-grained  PLZT  and  in  epitaxial  bismuth  titanate. 
Although  several  problems  remain  to  be  solved  with  both  of  these  materials, 
based  upon  the  present  status  of  our  work  we  feel  that  a  successful 
demonstration  of  display  capability  using  the  matrix  mode  of  address 
should  certainly  be  achieved  before  the  end  of  the  program. 
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